A fundamental issue in understanding activity-dependent long-term plasticity of neuronal networks is the interplay between excitatory and inhibitory synaptic drives in the network. Using dual whole-cell recordings in cultured hippocampal neurons, we examined synaptic changes occurring as a result of a transient activation of NMDA receptors in the network. This enhanced transient activation led to a long-lasting increase in synchrony of spontaneous activity of neurons in the network. Simultaneous long-term potentiation of excitatory synaptic strength and a pronounced long-term depression of inhibitory synaptic currents (LTDi) were produced, which were independent of changes in postsynaptic potential and Ca 2ϩ concentrations. Surprisingly, miniature inhibitory synaptic currents were not changed by the conditioning, whereas both frequency and amplitudes of miniature EPSCs were enhanced. LTDi was mediated by activation of a presynaptic GABA B 
Introduction
Activity-dependent modification of neural networks is an essential mechanism for refinement of connections among neurons in the developing brain (Bi and Poo, 1999) . Standard models used in the study of long-term plasticity involve an intense activation of a small set of synapses by electrical stimulation of afferent axons, and these studies have contributed greatly to the understanding of elementary mechanisms of neuronal plasticity (Bliss and Lomo, 1973; Malenka and Nicoll, 1999) . However, electrical stimulation usually activates only a small fraction of synapses on the recorded neuron and thus is not easily amenable to morphological and chemical analysis. Chemical long-term potentiation (LTP), which circumvents this issue by acting more globally, has evolved recently as a convenient system for studying plasticity. For example, exposure of spontaneously active neural tissue to agents that enhance activation of the synaptic NMDA receptor has been shown to produce a sustained change in network activity (Parker and Grillner, 1999; Krieger et al., 2000; Goldin et al., 2001; Lu et al., 2001; Puopolo and Belluzzi, 2001; Taccola et al., 2003; Fujii et al., 2004) and in synaptic morphology (Neuhoff et al., 1999; Goldin and Segal, 2003) . However, the relationship between the enhanced network activity and possible changes in synaptic connections between pairs of individual neurons occurring as a result of the induced plasticity has not yet been clarified. For example, what are the sites of induction and expression of this form of plasticity? Likewise, are there any changes in inhibitory synapses that accompany those presumed to take place at the excitatory synapses after activation of the synaptic NMDA receptor? These fundamental questions are addressed in the present study conducted on dissociated cultured hippocampal neurons. We demonstrate that, after a brief NMDA-mediated network conditioning, both excitatory and inhibitory strengths undergo persistent changes that are evident up to 1 h after the conditioning, whereby long-term potentiation at excitatory synapses (LTPe) and depression at inhibitory synapses (LTDi) take place simultaneously.
Materials and Methods
Chemicals. DL-2-Amino-5-phosphonopentanoic acid (APV), saclofen, Rpadenosine 3Ј,5Ј-cyclic monophosphothioate (Rp-cAMPs) , and N -nitro-Larginine (L-NNA) were purchased from Sigma (St. Louis, MO), CGP55845 [(2S)-3-{[(15)-1-(3,4-dichlorophenyl) ethyl]amino-2-hydroxypropyl) (phenylmethyl)phosphinic acid] was from Tocris Bioscience (Ballwin, MO), and forskolin was from Calbiochem (La Jolla, CA). They stored in frozen aliquoted stock solutions until the day of use. APV was added to the hippocampal cultures a minimum of 2 d before experiments and diluted to a minimum essential medium (MEM) Earl salts (Invitrogen), enriched with 0.6% glucose, gentamicin (20 g/ml), and 2 mM glutamax (enriched MEM). Approximately 10 5 cells in 1 ml of medium were plated in each well of a 24-well plate, onto a hippocampal glial feeder layer that was grown on the glass for 2 weeks before the plating of the neurons (Papa et al., 1995) . Cells were left to grow in the incubator at 37°C, 5% CO 2 for 4 d, at which time the medium was changed to 10% HS in enriched MEM, plus a mixture of 5Ј-fluoro-2-deoxyuridine/uridine (20 g and 50 g/ ml, respectively; Sigma), to block glial proliferation. Four days later, the medium was replaced by 10% HS in MEM, and no additional changes were made.
Electrophysiology. Hippocampal cultures at 10 -15 d in vitro (DIV) were transferred to a recording chamber placed on the stage of a Zeiss (Oberkochen, Germany) Axioscope upright microscope and washed in either a standard recording medium or one containing 50 M APV. Hippocampal neurons were recorded with patch pipettes containing the following (in mM): 136 K-gluconate, 10 KCl, 5 NaCl, 10 HEPES, 0.1 EGTA, 0.3 Na-GTP, 1 Mg-ATP, and 5 phosphocreatine, pH 7.2 (with a resistance in the range of 5-10 M⍀). Junction potentials of ϳ15 mV were left uncompensated. Quality criteria for accepting a recording included V m of at least Ϫ55 mV and series resistance and capacitance of Ͻ60 M⍀ and 60 pF, respectively, which were not changed significantly throughout the recording session. Signals were amplified with Axopatch 200A and Axoclamp-2 amplifiers and recorded with pClamp8 (Axon Instruments, Union City, CA).
To study synaptic connections, dual whole-cell recordings were conducted. Minimal direct current required to evoke an action potential was injected into the presynaptic neuron in current-clamp mode, and an average of 10 postsynaptic responses was recorded in voltage-clamp mode at 10 s intervals.
When recording spontaneous miniature EPSCs (mEPSCs), 0.5 M TTX was added to the medium, and neurons were clamped at Ϫ60 mV. For recording of miniature IPSCs (mIPSCs), 0.5 M TTX, 20 M DNQX, and 50 M APV were added to the recording medium, a CsCl-based intracellular solution was used, and cells were clamped at Ϫ60 mV.
Conditioning. APV at 50 M was added to hippocampal neurons at 7-13 DIV for a minimum of 2 d before the experiment. Cells were transferred to a recording chamber at 10 -15 DIV and perfused continuously with standard recording medium containing 1 mM Mg 2ϩ , 2 mM Ca 2ϩ , and 50 M APV at a rate of 1 ml/min. The conditioning involved replacing the standard recording medium by a CM containing 200 M glycine, 3 mM Ca 2ϩ , 0 M APV, and 0 M Mg 2ϩ for 5 min, followed by its complete washout using the standard APV-containing solution. All electrophysiological recordings were commenced after this washout.
Spike-timing-dependent plasticity (STDP) was produced by generating a spike in the presynaptic neuron, followed by the postsynaptic neuron at a frequency of 10 Hz, paired 10 -15 times every 4 s, as detailed previously (Markram and Segal, 1990) . The presynaptic to postsynaptic interval was set at 5 ms to allow maximal potentiation.
Analysis. The electrophysiological data were summarized and analyzed off-line using Clampfit8, SigmaPlot (SPSS, Chicago, IL), and Origin (Microcal Software, Northampton, MA), followed by t tests or paired t tests, as the case may be. The Clampfit8 program was used to calculate Spearman's correlation coefficients for 1-min-long voltage-and currentclamp whole-cell recordings of spontaneous activity before and 10 min after the conditioning. mPSC recordings were analyzed off-line using MiniAnalysis software (Synaptosoft, Decatur, GA) with a detection threshold of 9 pA.
Results

Spontaneous activity
At 10 -15 DIV, cultured hippocampal neurons grown in the presence of APV for 2 d expressed spontaneous action potential discharges and partially synchronized synaptic activity, as detected through simultaneous recordings from adjacent neurons (Fig.  1 A) . This activity was dramatically changed after a transient, 5 min exposure of the culture to the CM, which favors the activation of synaptic NMDA receptors (Fig. 1 B) . The exposure to the CM led to long-lasting modifications of spontaneous network activity, and the neuronal firing became more synchronized and robust, as seen previously (Goldin et al., 2001 ). Spearman's correlation coefficient of the spontaneous activity increased from r ϭ 0.28 Ϯ 0.05 before to r ϭ 0.58 Ϯ 0.04 after conditioning (n ϭ 23 pairs; p Ͻ 0.001), indicating the change to a more synchronized network firing pattern. This enhanced network activity was . Conditioning leads to long-lasting modification of network activity. A, Simultaneous whole-cell current-clamp (top traces) and voltage-clamp (bottom traces) recordings from two hippocampal neurons at resting membrane potential and Ϫ60 mV before (top) and 30 min later (bottom), showing no change in network activity. B, Simultaneous whole-cell current-clamp (top traces) and voltage-clamp (bottom traces) recordings from two hippocampal neurons at resting membrane potential and clamped at Ϫ60 mV before (top) and 10 min after (bottom trace) conditioning. C, Simultaneous whole-cell current-clamp (top trace) and voltage-clamp (bottom trace) recordings from two hippocampal neurons at resting membrane potential and Ϫ60 mV before (top) and 10 min after (bottom) removal of Mg 2ϩ from the medium for 5 min. D, Whole-cell voltage-clamp recording at Ϫ40 mV showing both outward IPSCs and inward EPSCs before (top) and after (bottom) conditioning. Spontaneous IPSCs are decreased in amplitude and frequency.
typically persistent for up to 1 h or as long as healthy recording could be obtained. Control experiments in which APV was retained throughout the experiment as well as in the CM did not show a lasting modification of network activity, and the correlation coefficient of spontaneous activity was left unchanged at r ϭ 0.40 Ϯ 0.7 before and r ϭ 0.39 Ϯ 0.06 after conditioning (n ϭ 12 pairs; p Ͼ 0.78; data not shown). APV-naive cultures were also used, with the same negative effects (data not shown). Removal of inhibition by application of the GABA A antagonist bicuculline (10 M) showed weak or nonsignificant long-lasting modifications of network activity (data not shown). Removal of Mg 2ϩ alone from the recording solution also caused enhanced spontaneous activity, but these changes were transient and network activity recovered back to control state after replacement of the standard recording solution (Fig. 1C) . These experiments indicate that the longterm changes in network activity are indeed attributable to the transient activation of the NMDA receptor.
Spontaneous activity recorded from neurons in culture before and after exposure to the CM consisted of a mixture of excitatory and inhibitory synaptic currents, in addition to action potential discharges. To obtain a clear separation between the synaptic currents, neurons were clamped at Ϫ40 mV, at which spontaneous EPSCs are seen as inward currents and IPSCs are seen as outward currents. Under these conditions, spontaneously occurring IPSCs were drastically reduced in amplitude and frequency after conditioning, in contrast to the increase in frequency and rhythmicity of the spontaneous EPSCs (Fig. 1 D) .
Evoked activity
To analyze the network changes at the synaptic level, we recorded from pairs of neurons in culture and examined the presence of evoked postsynaptic currents between them. The postsynaptic neuron was clamped at three different voltages (Ϫ90, Ϫ60, and Ϫ30 mV) to determine the reversal potential and hence the nature of the PSC. In conditioning experiments, the evoked PSCs in response to presynaptically evoked action potentials were recorded at the beginning of the experiment and 10 -30 min after complete washout of CM. LTPe was expressed as an increased amplitude of evoked EPSC to 1.72 Ϯ 0.22 of baseline values (Fig. 2 A, F (Fig. 2 B, F ) (n ϭ 12; p Ͻ 0.001 compared with control). Actual values decreased from 24.12 Ϯ 5.65 to 5.34 Ϯ 1.42 pA. In control experiments, the evoked PSCs were recorded at the beginning of the experiment and 10 -30 min later, similar to when the recordings were done in the conditioning experiments. Under these conditions, a small excitatory and inhibitory synaptic current rundown to 0.84 Ϯ 0.11 and 0.83 Ϯ 0.11 of baseline values, respectively, were observed, as can be expected to occur over a period of ϳ30 min of patch recording (Fig. 2C, D, F to the CM (APV-CM), neither LTPe nor LTDi were detected, indicating that conditioning required activation of NMDA receptors, and that it is this transient activation of endogenous NMDA receptor activity that induces both types of plasticity. After APV-CM, evoked EPSCs were 0.93 Ϯ 0.17 of baseline values (Fig. 2 F) (n ϭ 4; p Ͼ 0.58), and evoked IPSCs were 0.92 Ϯ 0.10 of baseline values (Fig. 2 F) (n ϭ 4; p Ͼ 0.59).
LTPe and LTDi began to take place almost at the onset of CM, reaching a steady-state level within 5 min after its washout and lasting for as long as the neurons could be recorded from (Fig. 2 E) .
To verify that network and action potential-evoked glutamate release (and hence NMDA receptor activity) play a crucial role in the induction of LTPe and LTDi, 0.5 M TTX was applied along with the CM (TTX-CM) and caused a complete cessation of spontaneous activity. During recovery of spontaneous activity after washout of TTX-CM, neither LTPe nor LTDi were induced. Evoked EPSCs remained at 0.86 Ϯ 0.23 and IPSCs at 0.87 Ϯ 0.14 relative to baseline values ( Fig. 2G ,H ) (n ϭ 3 each; p Ͼ 0.84 and 0.87, respectively, compared with control). These results further verify that both types of NMDA-dependent plasticity require action potential-evoked glutamate release as well as a large increase network activity, which inherently both lead to NMDA receptor activation.
To characterize the conditioning-evoked changes in synaptic connections, we measured the reversal potential, latency, rise, and decay times of the evoked monosynaptic currents before and after CM (Fig. 3) . The reversal potentials for excitatory and inhibitory currents were not changed in a significant manner after CM ( Fig. 3 A, E) ( p Ͼ 0.575 and 0.13, respectively). Average latency time for evoked EPSCs was 1.88 Ϯ 0.20 ms before and 2.05 Ϯ 0.26 ms after CM ( Fig. 3B ) ( p Ͼ 0.71), and, for evoked IPSCs, the latency time was 1.44 Ϯ 0.16 ms before and 1.49 Ϯ 0.17 ms after CM ( Fig. 3F ) ( p Ͼ 0.43). The total EPSC rise time (from baseline to peak) was 4.70 Ϯ 0.66 ms before and 5.80 Ϯ 1.03 ms after CM ( Fig. 3C ) ( p Ͼ 0.14). EPSC decay times were also unchanged, at 19.0 Ϯ 3.46 ms before and 19.7 Ϯ 2.68 ms after CM ( Fig. 3D ) ( p Ͼ 0.68). The total rise time for evoked IPSCs before and after CM was 5.28 Ϯ 0.47 and 4.07 Ϯ 0.34 ms, respectively ( Fig. 3G ) ( p Ͼ 0.08). The decay time was also left unchanged, at 31.7 Ϯ 5.27 ms before and 23.7 Ϯ 5.78 ms after CM ( Fig. 3H ) ( p Ͼ 0.41).
Postsynaptic neuron requirements
In previous studies, LTP induction in some types of synapses (e.g., the Schaffer collateral synapse in CA1 pyramidal neurons) has been associated with a rise in postsynaptic intracellular Ca 2ϩ concentration (Lynch et al., 1983a; Yang et al., 1999; Lisman, 2001; Patenaude et al., 2003; Wang et al., 2004) . To examine this possibility in the neuronal cultures, cell-impermeant BAPTA was added to the intracellular solution to a final concentration of 30 mM and then introduced into one of the two neurons in the dual-recording configuration. The BAPTA-loaded neuron could either be a presynaptic or a postsynaptic pyramidal neuron or interneuron. When the presynaptic neuron was loaded with BAPTA, neurotransmitter release was diminished over time because of inability to increase free intracellular Ca 2ϩ concentration. In fact, in both the case of inhibitory and excitatory synaptic transmission, the relative evoked EPSC and IPSC amplitudes were decreased over time to 0.26 Ϯ 0.09 and 0.09 Ϯ 0.01 of control values, respectively (Fig. 4 A, C) ( p Ͻ 0.05 relative to control). Clamping the postsynaptic neuron, Ca 2ϩ concentration did not prevent the conditioning-induced LTDi, and the relative evoked IPSC amplitude was reduced to 0.11 Ϯ 0.07 after CM, similar to normal conditioning experiments (Fig. 4 B, C) ( p Ͻ 0.005 relative to control). The relative evoked EPSC amplitude was increased to 1.47 Ϯ 0.3, similar to the experimental group of neurons in which Ca 2ϩ was not clamped (Fig. 4 B, C). These results indicate that a postsynaptic increase in Ca 2ϩ concentration is not necessary for the induction of this NMDA receptor-mediated LTDi in the inhibitory synapse and possibly also for LTPe in the excitatory synapse. This may be similar to other reports in which postsynaptic Ca 2ϩ dependency is addressed, as is the case for hippocampal mossy fiber LTP (Mellor and Nicoll, 2001) , although this has been disputable (Yeckel et al., 1999; Kapur et al., 2001; Wang et al., 2004) .
Similarly, depolarization of the postsynaptic neuron is not necessary for the induction of LTPe and LTDi. When the postsynaptic neuron was clamped at Ϫ100 mV for the duration of the CM, the evoked EPSC was increased to 1.76 Ϯ 0.36 of baseline values after CM (Fig. 4 D, F ) (n ϭ 8; p Ͻ 0.05). Likewise, the evoked IPSC was decreased to 0.28 Ϯ 0.12 of baseline values, as in normal conditioning experiments (Fig. 4 E, F ) (n ϭ 6; p Ͻ 0.05 compared with control).
Spontaneous miniature synaptic currents
Changes in spontaneous miniature EPSCs and IPSCs can be an indicator for a possible locus of the synaptic modifications occur- , and Ϫ90 mV (n ϭ 3). Inset is an example of EPSC currents before (black trace) and after (gray trace) conditioning at Ϫ30 and Ϫ90 mV. B, Latency time for evoked EPSCs was 1.88 Ϯ 0.20 ms before and 2.05 Ϯ 0.26 ms after conditioning. C, Rise times before and after conditioning were 4.70 Ϯ 0.66 and 5.80 Ϯ 1.03 ms, respectively. D, Decay times were left unchanged, at 19.0 Ϯ 3.46 ms before and 19.7 Ϯ 2.68 ms after conditioning (n ϭ 6). E, Example of one inhibitory synapse showing no significant change in reversal potential when recorded at Ϫ30, Ϫ60, and Ϫ90 mV. Inset is an example of IPSC currents before (black trace) and after (gray trace) conditioning at Ϫ30 and Ϫ60 mV. In both cases, chloride current is inward at Ϫ30 mV and outward at Ϫ60 mV. F, Latency time was 1.44 Ϯ 0.16 ms before and 1.49 Ϯ 0.17 ms after conditioning. G, Rise times before and after conditioning were 5.28 Ϯ 0.47 and 4.07 Ϯ 0.34 ms, respectively. H, Decay times were left unchanged, at 31.7 Ϯ 5.27 ms before and 23.7 Ϯ 5.78 ms after conditioning (n ϭ 6).
ring in LTPe and LTDi. We recorded mEPSCs from the same sets of neurons before and after conditioning, shifting from TTX solution to CM and then TTX solution again. Because of technical limitations, mIPSCs were recorded from separate populations of neurons before and after conditioning. The averaged mEPSC amplitude was increased significantly from 20.09 Ϯ 1.58 to 22.446 Ϯ 1.65 pA after conditioning (Fig. 5B ) (paired t test, p Ͻ 0.05). The number of mEPSCs per minute was increased dramatically from 70.46 Ϯ 15.07 to 166.36 Ϯ 36.06 after CM (Fig. 5C ) ( p Ͻ 0.001). The mEPSC total rise time was increased from 5.10 Ϯ 0.19 to 5.58 Ϯ 0.17 ms after conditioning (Fig. 5D ) ( p Ͻ 0.05). Decay times were not affected by the conditioning (Fig. 5E ) ( p Ͼ 0.23). By comparison, mIPSC parameters were not affected at all by conditioning. mIPSC amplitude remained constant, at 19.27 Ϯ 2.23 pA before and 20.46 Ϯ 1.83 pA after conditioning (Fig. 5G) ( p Ͼ 0.68). The number of mIPSC events per minute was 12.01 Ϯ 2.45 before and 11.36 Ϯ 2.37 after conditioning, respectively ( Fig. 5H ) ( p Ͼ 0.84). Total rise time and decay times remained unchanged as well after conditioning (Fig. 5 I, J ) ( p Ͼ 0.52 and 0.12, respectively). These results indicate that, although conditioning caused a persistent reduction in evoked IPSCs (LTDi), it does not affect properties of individual spontaneous mIPSCs or the postsynaptic response to synaptic release of GABA. Conversely, conditioning causes a persistent increase in EPSC by affecting both presynaptic (increase in mEPSC frequency) and postsynaptic (increase in mEPSC size) components of the EPSC, resulting in an increased efficacy of the synapse.
Responses to paired stimulation
Another estimate of the possible locus of change is the response to a paired-pulse stimulation paradigm in which two action potentials are evoked in the presynaptic neuron with a short interspike interval. Under our testing conditions measured at 30 ms interpulse interval, the second response in a pair of EPSCs was depressed relative to the first one, with a paired pulse ratio (PPR) of 0.72 Ϯ 0.22. After conditioning, in addition to the increased EPSC amplitude shown before (LTPe), the EPSC PPR was increased significantly to 1.37 Ϯ 0.34 ( Fig. 6 A, B) ( p Ͻ 0.05). This indicates that the change in EPSC is likely to be attributable to an increase in the release probability of the excitatory transmitter at a synapse with initially low probability of release that is not saturated by the conditioning. This increase in PPR is not likely to be caused by attenuation of the efficacy of an inhibitory synapse that is activated in parallel with the postsynaptic EPSC because saclofen, which blocks LTDi, does not affect LTPe (see below).
The inhibitory PPR was not affected by conditioning and remained unchanged at 0.92 Ϯ 0.16 and 0.93 Ϯ 0.16 before and after conditioning, respectively, despite a marked decrease in the size of the initial evoked response to a single stimulation (Fig. 6C,D) ( p Ͼ 0.98). LTDi is probably not mediated by either a change in spontaneous individual inhibitory synaptic currents or a change in release probability at the presynaptic GABAergic terminals. Postsynaptic GABA receptors were not affected as well, because there was no consistent effect of conditioning on reactivity to pulse application of GABA (data not shown) or on the size of mIPSCs. We then tested whether the presynaptic GABAergic neuron action potential is affected by the conditioning. To this end, we examined several properties of the spike, including its threshold (Ϫ27.25 Ϯ 4.98 mV before and Ϫ30.11 Ϯ 5.15 mV after conditioning; p Ͼ 0.69), half-duration (1.69 Ϯ 0.21 and 1.91 Ϯ 0.49 ms; p Ͼ 0.68), amplitude (89.38 Ϯ 9.99 and 91.78 Ϯ 8.59 mV; p Ͼ 0.85), and rise time (1.9 Ϯ 0.31 and 1.36 Ϯ 0.18 ms; p Ͼ 0.61). None of these parameters was affected by conditioning, indicating that properties of the spike, including conduction velocity of the inhibitory axon, were not affected. Therefore, the locus of change is likely to be downstream to the presynaptic action potential and upstream to the release site at the synapse.
GABA B receptor mediation
In an additional effort to identify the locus in which LTDi is manifested, we examined the role of the GABA B presynaptic receptor, known to be involved in suppression of inhibition (Mott and Lewis, 1991; Wagner and Alger, 1995; Than and Szabo, 2002) . The presynaptic GABA B receptor serves as an autorecep- tor, which, during GABA binding, leads to its decreased release through a mechanism involving altered Ca 2ϩ and K conductances (Gahwiler and Brown, 1985; Misgeld et al., 1994 Misgeld et al., , 1995 . When 100 M of the GABA B receptor antagonist saclofen was applied to the CM (saclofen-CM), LTDi was blocked, and the relative evoked IPSC amplitude remained similar to control, at 0.92 Ϯ 0.03 relative to baseline value ( p Ͼ 0.46 compared with control) and significantly different from normal conditioning experiments (Fig. 7 A, B) . Hence, the conditioning, which caused an increased activity of interneurons, enhanced GABA release, and, subsequently, a prolonged increase in activation of the GABA B receptor, leading to a decreased efficacy of invasion of the presynaptic GABAergic terminal, is required in the induction of LTDi. Because saclofen has been suggested to work as a partial GABA B receptor agonist (Caddick et al., 1995) , we also used CGP55845 (3 M), taken to be a more potent antagonist (Davies et al., 1993) . CGP55845-CM also blocked LTDi, and the relative evoked IPSC amplitude remained at 0.77 Ϯ 0.14 relative to baseline values ( p Ͼ 0.56 compared with control). To identify the critical time required for GABA B activation needed to produce LTDi, we added 100 M saclofen along with the normal recording medium after washout of normal CM. Under these testing conditions, the relative amplitude of evoked IPSC was decreased to 0.13 Ϯ 0.06, as in the conditioning experiments ( Fig. 7B) ( p Ͼ 0.86 compared with conditioning). These results indicate that saclofen is effective only when applied during but not after the conditioning interval, and, once the GABA B receptor is activated to reduce GABA release, it becomes insensitive to saclofen.
It has been suggested that the GABA B receptor plays a facilitative role in the induction of LTP (Mott and Lewis, 1991) . We therefore tested the effects of saclofen on LTPe. After application of saclofen-CM, LTPe occurred, and the relative evoked EPSC amplitude increased to 1.58 Ϯ 0.21 relative to baseline values ( p Ͻ 0.01 compared with control), similar to normal conditioning experiments (Fig. 7C,D) 
The time course of the effect of saclofen on blockade of LTDi, shown in Figure 7E , indicates that the relative IPSC amplitude remains constant throughout the washin and washout of the saclofen-CM. It is interesting to note that the changes in spontaneous network activity were similar to those found in normal conditioning experiments, and the network activity became more robust and synchronized (Fig. 7F ) .
These experiments indicate that the enhanced postsynaptic activation of NMDA receptors leads to enhanced presynaptic GABAergic activity, which mediates activation of the presynaptic GABA B receptors, resulting in a long-lasting suppression of inhibition. It should be noted that the potential presence and activation of presynaptic NMDA receptors may also be involved, and their role vis-à-vis GABAergic terminals cannot be ignored (see Discussion).
Can the increase in GABAergic activity in and of itself produce the long-lasting reduction in inhibition? To address this possibility, we evoked trains of action potentials in the GABAergic neuron and measured the subsequent IPSCs in the postsynaptic neuron. No long-lasting change in IPSCs was found in four neurons tested (Fig. 8) , indicating that the activity of the GABAergic neuron by itself does not cause a lasting change in IPSC. Instead, a coactivation of the presynaptic and postsynaptic neuron or simultaneous activation of networks of excitatory and inhibitory neurons is likely to cause this long-lasting change in inhibition.
cAMP Activation of the presynaptic GABA B receptor involves the cAMP cascade (Knight and Bowery, 1996) . In addition, this second-messenger system is involved in induction and maintenance of LTP (Frey et al., 1993; Huang et al., 1994; Blitzer et al., 1995) . We examined the role of cAMP in LTDi and LTPe using Rp-cAMPs, a diastereoisomer antagonist of cAMP. When 100 M Rp-cAMPs was applied along with the conditioning medium (Rp-cAMPs-CM), no significant change was seen in evoked PSC amplitudes. Relative EPSC amplitudes remained at 1.01 Ϯ 0.13, and IPSC amplitudes remained unchanged as well, at 0.81 Ϯ 0.18 (Fig. 9A-C) ( p Ͼ 0.35 and 0.94 compared with control, respectively). To further determine the locus of cAMP action necessary for LTPe and LTDi, Rp-cAMPs was added to the intracellular solution at a final concentration of 100 M and then introduced into one of the two neurons in the dual-recording configuration. The Rp-cAMPs-loaded neuron could therefore be either a presynaptic or a postsynaptic pyramidal or interneuron. When a presynaptic pyramidal neuron was loaded with RpcAMPs, the relative evoked EPSC amplitude was increased to 2.07 Ϯ 0.52 after conditioning, and LTPe was induced (Fig. 9 A, C) (n ϭ 8; p Ͻ 0.05). Conversely, when a postsynaptic neuron was loaded with Rp-cAMPs, LTPe was not induced, and the evoked EPSC remained constant as in control recordings, at 0.81 Ϯ 0.21 after conditioning, relative to baseline values (Fig. 9 A, C) (n ϭ 7; p Ͼ 0.99). Next, when a presynaptic GABAergic interneuron was loaded with RpcAMPs, the evoked IPSC remained unchanged, and LTDi was blocked. Evoked IPSCs remained unchanged, at 0.69 Ϯ 0.16 (Fig. 9 A, C) (n ϭ 5; p Ͼ 0.49). However, when a postsynaptic neuron was loaded with Rp-cAMPs, LTDi was induced, and the evoked IPSC plummeted to 0.16 Ϯ 0.05 after conditioning, relative to baseline values (Fig. 9 A, C) (n ϭ 6; p Ͻ 0.005). These results indicate that cAMP action in the postsynaptic neuron, and in the presynaptic neuron, are essential in LTPe and LTDi, respectively.
Not surprisingly, applying the cAMP activator forskolin (50 M) in either the presynaptic or postsynaptic neuron leads to LTPe and LTDi, as the case may be (Fig. 9C) .
The modifications of spontaneous activity in the hippocampal network seen after conditioning also appear to be dependent on activation of cAMP, because Rp-cAMPs-CM blocked synchronized activity and network modifications (Fig. 9D) . . When the saclofen was applied at the time of the CM, the IPSC amplitude remained at 0.92 Ϯ 0.03, similar to control experiments, whereas when saclofen was applied directly after washin and washout of the CM, it did not reverse the LTDi, and IPSC amplitude plummeted to 0.13 Ϯ 0.06. When CGP55845-CM was used, the relative IPSC amplitude remained at 0.73 Ϯ 0.14, similar to control. C, D, Same as in A and B but for an excitatory synapse. Saclofen-CM did not inhibit induction of LTPe, and relative evoked EPSC amplitude increased to 1.58 Ϯ 0.21 after conditioning, relative to baseline. E, Time course of relative evoked inhibitory currents with saclofen-CM versus CM alone (open and filled circles, respectively). Black bar at 0 min on the abscissa indicates a 5 min wash in of the CM to activate synaptic NMDA receptors or of saclofen-CM. F, Spontaneous activity of two neurons recorded in current-clamp (top) and voltageclamp (bottom) configuration before and after saclofen-CM. The activity becomes more robust and synchronized, similar to the modifications in spontaneous activity seen when conditioning was applied alone, as shown in Figure 1 .
Nitric oxide
The retrograde messenger nitric oxide (NO) has been implicated in the production of LTD in the cerebellum and hippocampus and LTP in the hippocampus and cerebral cortex (Izumi and Zorumski, 1993; Nowicky and Bindman, 1993; Zorumski and Izumi, 1998; Stanton et al., 2003) . To determine the role of NO in LTPe and LTDi, the NO synthase inhibitor L-NNA was diluted in the CM to a final concentration of 100 M (L-NNA-CM). Under these conditions, both LTPe and LTDi were induced, as in normal conditioning experiments. Evoked EPSC amplitudes were increased to 2.09 Ϯ 0.14 relative to baseline values (Fig. 10 A, C) (n ϭ 2; p Ͻ 0.001 compared with control). Evoked IPSC amplitudes were decreased to 0.26 Ϯ 0.10 relative to baseline values ( Fig. 10 B, C ) (n ϭ 6; p Ͻ 0.005). These results indicate that, unlike in other types of hippocampal plasticities, NO does not play a role in the NMDA-dependent plasticities demonstrated here. This however does not negate the possibility that, within the vicinity of these activated pathways, other nonactivated synapses also become modified. The LTPe or LTDi generated here at one synaptic input to a hippocampal neuron may possibly spread to adjacent synapses on a different postsynaptic neuron in physical proximity (Bonhoeffer et al., 1989; Engert and Bonhoeffer, 1997) .
Spike-timing-dependent plasticity STDP has been studied extensively over the past decade, and it is now evident that, in this type of plasticity, backpropagating action potentials, when initiated at the appropriate time during repetitive synaptic activation, are effective in inducing persistent synaptic modification (Markram et al., 1997; Bi and Poo, 1999) . We studied the relationships between STDP and network plasticity in the hippocampal cultures, trying to determine whether the networkinduced LTPe is a unique phenomenon. If so, we would then expect both types of induction protocols to evoke potentiation independent of each other. To study this, we recorded from pairs of neurons and used an STDP protocol described previously (Markram et al., 1997) . Because it has been suggested that target neuron-specific mechanisms are involved in the induction of synaptic modifications (Bi and Poo, 1999) , care was taken to identify the postsynaptic neuron as glutamatergic or GABAergic, which could only be possible if it sent a reciprocal synapse onto the presynaptic neuron. Bi and Poo (1999) also reported that glutamatergic synapses made onto GABAergic neurons were not amenable to potentiation by the correlated presynaptic and postsynaptic activity. Neurons that made no reciprocal synapse were also used in this study.
STDP with a pre-postsynaptic delay of 5 ms induced LTP reproducibly in the hippocampal cultures (Fig. 11 A) . Such was the case whether the postsynaptic neuron sent a reciprocal excitatory synapse back onto the presynaptic neuron or none at all. In a separate set of experiments, potentiation was first induced by the STDP protocol, followed by induction of network-driven NMDA-dependent plasticity, as in the conditioning experiments, and the evoked EPSC was reexamined. In three of four experiments, the conditioning led to an additional significant potentiation of the evoked EPSC (LTPe) (Fig. 11 B) . Interestingly, when the postsynaptic neuron was verified as inhibitory, i.e., sent an inhibitory synapse onto the presynaptic neuron, the same STDP protocol evoked a subtle LTD (Fig. 11C) , unlike what was reported previously (Bi and Poo, 1999) . In two of three experiments, a prominent depression of the evoked EPSC was then reversed by exposure to the network conditioning medium (Fig.  11 D) , and, as shown, the EPSC was potentiated to beyond baseline levels.
Discussion
The present study analyzes a robust change in connectivity among neurons in dissociated cultures of the rat hippocampus after a brief exposure to a conditioning medium that favors activation of synaptic NMDA receptors. As shown before, chronic blockade of NMDA receptor activity by growing the culture in the presence of an NMDA antagonist, APV, causes an upregulation of the NMDA receptor such that, when the blockade is transiently removed, there is an enhanced activation of the receptor (Goldin et al., 2001; Lu et al., 2001 ). Here we show that the transient activation of the NMDA receptor enhances network activity in the culture and causes synchronization among adjacent neurons, resulting in a long-lasting strengthening of excitatory connections and weakening of inhibitory connections among neurons.
The simplicity of the dissociated culture allows us to address several issues related to synaptic plasticity. The nature of the stimulation protocol, which allows for a maximal number of synapses to be activated, has advantages over the commonly used electrical stimulation of specific pathways in studying morphological and molecular bases of synaptic plasticity. More specifically, our test situation extends the ability to examine parameters related to synaptic plasticity, including the locus of change, as well as specific excitatory or inhibitory long-term synaptic changes.
A long-standing issue in synaptic plasticity is related to the loci of induction and maintenance of changes associated with LTP. A large number of studies indicate that the locus of induction of LTP in most synapses studied is postsynaptic and involves a rise of intracellular calcium concentration (Lynch et al., 1983) , whereas the maintenance can be presynaptic, involving a change in release properties (Bekkers and Stevens, 1990; Malinow and Tsien, 1990; Kullmann and Siegelbaum, 1995; Malenka and Nicoll, 1999; Nicoll and Malenka, 1999) . It is further suggested that the switch between the postsynaptic and the presynaptic loci is mediated by a retrograde messenger (Williams et al., 1989) . Others suggest that the locus of long-term change is postsynaptic and involves insertion of glutamate receptors into an existing NMDA receptor-containing but functionally silent synapse Malinow and Malenka, 2002; Bredt and Nicoll, 2003) . Although the wealth of experimental evidence favoring a postsynaptic location of LTP is overwhelming, it is likely that, in the same excitatory pathway, some synapses undergo changes in both presynaptic and postsynaptic locations (Emptage et al., 2003 , Voronin et al., 2004 .
In the cultured neurons studied herein, the locus of induction of LTDi is likely to be mainly presynaptic in that it does not require either a change in postsynaptic Ca 2ϩ concentration or postsynaptic depolarization, because LTDi occurred when the postsynaptic neuron was voltage clamped throughout the entirety of the conditioning experiments, and, thus, no depolarization of the postsynaptic membrane was needed to produce the long-term change. Still, the presynaptic terminal is probably not the sole site of induction of the change, because a tetanic activation of the GABAergic neuron by itself did not mimic the longlasting suppression of inhibition seen when the network was activated, indicating the possible need for coactivation of other neurons together with the presynaptic GABAergic neuron.
The locus of expression of LTPe is likely to be primarily presynaptic, noted by the increase in mEPSC frequency. However, a small increase in mEPSC amplitude indicates an additional postsynaptic location. Furthermore, the enhanced presynaptic activity may result in the conversion of a silent into an active synapse. In support of this, we have seen a rapid influx of glutamate receptors into silent postsynaptic sites (our unpublished observations), as well as a formation of new dendritic spines after exposure to the conditioning medium (Goldin et al., 2001) .
Nonetheless, there are distinct differences between LTPe and LTDi sufficient to indicate that different mechanisms are associated with the two types of long-term synaptic changes. LTPe but not LTDi was associated with an increase in paired-pulse response (see below). LTPe was dependent on activation of postsynaptic but not presynaptic cAMP, and the opposite is true for LTDi. LTPe was associated with a change in mEPSCs, unlike LTDi. LTDi could be blocked by drugs that do not affect LTPe and vice versa. These results indicate that the two processes are parallel but not interdependent.
In previous studies, the lack of change in paired-pulse response was taken to indicate a postsynaptic locus of LTP, whereas a reduction in paired-pulse potentiation indicated a presynaptic increase in release probability in response to the first stimulus with a subsequent reduction in efficacy of the second response (Schulz et al., 1994; Kleschevnikov et al., 1997) . This interpretation, which originated in experiments on the neuromuscular junction (Katz and Miledi, 1968) , is supported by extracellular recording in hippocampal slices (Schulz et al., 1994) , a situation in which the stimulation is likely to activate both excitatory and inhibitory pathways, and the end product may be confounded by parallel changes in both excitation and inhibition, as is the case in our rather simple system. The current results, conducted on single connections between neurons, are likely to reflect true changes in release probability between the two neurons, but it can also be affected by a reduction in activity of a parallel inhibitory synapse. If indeed the connection between neurons in culture consists of synapses with low release probability (Slutsky et al., 2004) , there is no a priori reason to believe that an increase in release probability to the first stimulus will not result in an additional increase in release, after accumulation of calcium, in response to the second stimulation (Schulz et al., 1994; Santschi and Stanton, 2003) .
Another issue concerns the modulation of inhibition in LTP. Early studies could clearly distinguish between direct enhancement of the EPSP and a separate indirect effect of a change in the coupling of dendritic EPSPs to somatic action potential generation (Yamamoto and Chujo, 1978; Abraham et al., 1987) . However, it has been debated whether interneurons can undergo long-term plastic changes at all (Griffith et al., 1986) . At any rate, whereas a long-lasting reduction of inhibition that accompanies LTP has been demonstrated in hippocampal slices (Lu et al., 2000) , measurement of such a longterm reduction in efficacy of individual inhibitory synapses has not been demonstrated (Mott and Lewis, 1991; Wang and Stelzer, 1996) . The reduction in evoked IPSC (LTDi) reported is unique indeed in that it comprises a very large and persistent change in inhibitory synaptic currents. This change is not likely to be mediated by a postsynaptic desensitization of the GABAergic receptor, because the mIPSC amplitude was not affected by the conditioning, as neither were responses to GABA puff applications (data not shown). Also, it is not likely that the GABAergic neuron changed its intrinsic properties after conditioning, because the latency, threshold, and other properties of the GABAergic neuron action potentials remained stable after conditioning. Likewise, the latency from the action potential to the IPSC was not changed, indicating that conduction velocity in the GABAergic axons remained stable after conditioning. One could hypothesize that the increased firing rate of the GABAergic neurons induced during conditioning in and of itself could cause fatigue of the GABA release machinery, leading to LTDi; however, stimulation of the GABAergic neurons at high frequencies similar to those seen during conditioning did not cause a decrease in evoked IPSCs. This indicates that a conjunction of presynaptic GABAergic activity with NMDA receptor activation produced by enhanced network activity caused this long-lasting decrease in efficacy of transmission at the GABAergic synapse. Whether this is a direct effect of a presynaptic NMDA receptor residing on GABAergic terminals or is mediated by another, yet unknown, interneuron remains to be determined.
Other evidence for changes in efficacy of GABAergic synapses have been reported, including Hebbian LTP (Lamsa et al., 2005) , as well as depression, as in the case of depolarization-induced suppression of inhibition (DSI) (Ohno-Shosaku et al., 1998; Ohno-Shosaku et al., 2000) . However, DSI is much shorter lasting and involves changes in postsynaptic Ca 2ϩ concentration. One other study that reported a parallel change in EPSPs and IPSPs was conducted on hippocampal slices and demonstrated a long-lasting decrease in what is most likely a feedforward IPSP that is produced by stimulation of the Schaffer collateral pathway (Lu et al., 2000) . Our study demonstrates that the change is not likely to take place at the GABAergic somata, axon, or the postsynaptic receptor because no change in mIPSCs has been detected, but rather in the linkage between the axonal action potential and the release mechanism, and involves activation of the GABA B receptor. Whether a retrograde messenger other then NO is responsible for this long-lasting change in efficacy of the GABAergic synapse is not known as yet, but several candidates for such an action exists (Ohno-Shosaku et al., 2000; Ohno-Shosaku et al., 2002; Yanovsky et al., 2003) . In any case, the retrograde effect is likely to involve a GABA B receptor.
The main advantage of the NMDA-mediated chemical LTPe and LTDi is that it enhances activity of a large proportion of the synapses within the network. Thus, a morphological change associated with the functional plasticity is likely to be easier to detect than in the case of a localized stimulation. Indeed, in previous studies with the same type of synaptic activation, a pronounced increase in dendritic spine density has been detected (Goldin et al., 2001 ) that was larger than changes seen after electrically stimulated pathways (Engert and Bonhoeffer, 1999) . Interestingly, the morphological changes reported in dendritic spine density took place long after (30 -60 min) the electrophysiological change, indicating that the morphological changes are subsequent to the network and synaptic electrophysiological changes.
In conclusion, this work articulately defines LTPe and LTDi occurring simultaneously, but independently, after conditioning of NMDA receptor activity. These studies indicate for the first time that network plasticity involves equal and opposite affects on inhibitory and excitatory neurotransmission and as such should have important implications to studies on long-term plasticity. A, Summary of all pairing experiments when the presynaptic and postsynaptic neurons were stimulated consecutively 5 ms apart. The postsynaptic neuron was either pyramidal or a neuron that did not synapse reciprocally onto the presynaptic neuron. Black bar at 0 min on the abscissa indicates the induction of the pairing paradigm, which led to a large potentiating effect (n ϭ 6). Insets are typical evoked EPSCs before and 5 and 15 min after pairing. B, A typical example of evoked EPSCs before, after pairing, and after exposure to the CM in an experiment in which a pairing paradigm was performed at 0 min (first black bar on the abscissa) followed by CM (second black bar on the abscissa), showing increased and independent potentiation after pairing and after conditioning. On the right are the superimposed blown-up traces showing no change in EPSC rise times but a significant additional potentiation of EPSC amplitude (LTPe) after exposure to the CM. C, Summary of all pairing experiments when the presynaptic and postsynaptic neurons were stimulated consecutively 5 ms apart. The postsynaptic neuron in all of these pairs made a reciprocal inhibitory synapse onto the presynaptic excitatory neuron. At 0 min on the abscissa, the pairing paradigm was induced, which led to a small depression (n ϭ 4). Insets are typical evoked EPSCs before and 5 and 15 min after pairing. D, A typical example of evoked EPSCs after pairing showing a decrease in amplitude and after conditioning, showing potentiation. On the right are the superimposed blown-up traces.
